We present an analysis of the relatively low mass (∼ 2400 M ), ∼ 800 Myr, Galactic open cluster, NGC 2818, using Gaia DR2 results combined with VLT/FLAMES spectroscopy. Using Gaia DR2 proper motions and parallax measurements we are able to select a clean sample of cluster members. This cluster displays a clear extended main sequence turn-off (eMSTO), a phenomenon previously studied mainly in young and intermediate age massive clusters in the Magellanic clouds. The main sequence of NGC 2818 is extremely narrow, with a width of ∼ 0.01 magnitudes (G BP − G RP ), suggesting very low levels of differential extinction. Using VLT/FLAMES spectroscopy of 60 cluster members to measure the rotational velocity of the stars (Vsini) we find that stars on the red side of the eMSTO have high Vsini (> 160 km/s) while stars on the blue side have low Vsini (< 160 km/s), in agreement with model predictions. The cluster also follows the previously discovered trend between the age of the cluster and the extent of the eMSTO. We conclude that stellar rotation is the likely cause of the eMSTO phenomenon.
INTRODUCTION
The extended main sequence turn-off (eMSTO) phenomenon is an observational feature which has been found in young and intermediate age (up to ∼ 2 Gyr) clusters in the Large and Small Magellanic clouds, where the MSTO of the cluster in colour-magnitude diagrams is more extended than would be expected for a simple stellar population (after accounting for binaries, extinction, and photometric uncertainties). The origin of the eMSTO feature was initially suggested to be due to a large age spread (hundreds of Myr) within these clusters (e.g., Mackey & Broby Nielson 2007; Milone et al. 2009; Goudfrooij et al. 2014) , although subsequent work has shown that a stellar evolutionary effect, likely stellar rotation, was the most probable cause (e.g., Bastian & de Mink 2009; Brandt & Huang 2015b; Niederhofer et al. 2015; Cabrera-Ziri et al. 2016) . Actual age spreads, as the origin of the eMSTO, are disfavoured due to the observed relation between the extent of the inferred age spread and the age of the clusters (Niederhofer et al. 2015) . 1 Spectroscopic studies of stars on the eMSTO in these clusters have found Hubble Fellow 1 See Bastian & Lardo (2018) for further discussion of the evidence against actual age spreads within massive clusters.
evidence that indeed stellar rotation is directly linked to the position within the MSTO (Dupree et al. 2017; Kamann et al. 2018 .
There have been suggestions that the width of the eMSTO is linked to the cluster mass, with higher mass clusters displaying broader spreads (e.g., Conroy & Spergel 2011; Goudfrooij et al. 2014) . However, the eMSTO feature has been found in clusters with masses down to 2 − 5 × 10 3 M (Piatti & Bastian 2016) , and statistical analyses found that cluster age had a much larger correlation with eMSTO widths than mass . Recent work by Martocchia et al. (2018) found that NGC 1978, a massive (∼ 3 × 10 5 M ), 2 Gyr cluster does not host an eMSTO, adding further support that age, and not mass, is the controlling parameter (see also Georgy et al. 2018) .
Most studies of eMSTOs in clusters have focussed on massive LMC/SMC clusters with Hubble Space Telescope observations taking advantage of the lack of background/foreground confusion, high membership probabilities, and large numbers of stars on the MSTO (10s to 100s) that allow statistical analyses. While there have been some attempts to find and study the eMSTO phenomenon in open clusters in the Galaxy (e.g., Brandt & Huang 2015a) such studies have been limited due to the low number of stars on the MSTO, or in the case of Trumpler 20 (Platais et al. 2012 ) no eMSTO was found (once differential extinction was taken into account). There have been previous suggestions in open clusters that a dual or extended main sequence turn-off could be due to rapid rotators within the clusters (Twarog 1983; Twarog et al. 2015) . If clean samples of cluster members can be found in open clusters, it opens the way for detailed follow up studies, as these stars are 3 − 8 magnitudes brighter than their LMC/SMC counterparts. Additionally, by studying Galactic open clusters, the role of metallicity can be explored as, to date, only SMC/LMC metallicity environments have been studied. Gaia DR2 (Gaia Collaboration et al. 2016 has opened the possibility of an entirely new perspective on the problem, by allowing the study of eMSTOs (and the related phenomenon of split main-sequences -e.g., Milone et al. 2016) in relatively low mass ( 3000 M ) open clusters in the Galaxy. This is due to the ability to select extremely clean samples of cluster members, mitigating the effects of contamination from fore/back-ground stars.
In the present paper we exploit Gaia DR2 and archival VLT/FLAMES spectroscopy to discover and analyse the eMSTO in the ∼ 800 − 900 Myr open cluster, NGC 2818. This is a first in a series of papers focussed on the eMSTO phenomenon in open clusters.
OBSERVATIONS AND METHODS

Selection of cluster members
We searched the Gaia DR database for all sources within 12' of the centre of NGC 2818 (Gaia Collaboration et al. 2016 . We then looked at the resulting proper motion map of these stars and a clear overdensity could be seen at pmRA= −4.425 and pmDec= 4.532 (top left panel of Fig. 1 ). We used all stars with proper motions values of 0.3 milli-arcseconds of this centre for our first selection. These stars showed a clear peak in the parallax distribution at 0.281 milliarcseconds, corresponding to a distance of 3.56 kpc which we will adopt throughout this work 2 . We then made a further selection in parallax, 0.1885 parallax 0.365 (shown as the vertical dashed lines in the lower left panel of Fig. 1 ) and applied a radial cut of 10' to obtain our final member sample. Their spatial distribution and colour-magnitude diagrams (using the blue and red passband photometry from Gaia) are shown in the top-right and bottom-right panels of Fig. 1 , respectively. 3 As already evident from Fig. 1 , NGC 2818 displays a clear extended main sequence turn-off.
Rotational velocities
Spectroscopic observations of main-sequence (MS) and turn-off (TO) stars in NGC 2818 are publicly available in the ESO archive. Observations were conducted in 2014 March using the GIRAFFE multi-object spectrograph in its MEDUSA mode under the programme 093.D-0868(A) (PI: Simunovic). The employed setups are HR05 and HR09 that offer a nominal resolution of R∼20 250 and 18 000 at the central wavelengths of 4471 and 5258Å, respectively. Stars were observed for 2×45 min in each grating, leading to a signal-to-noise (S/N) of ∼100 and ∼ 20 (per single exposure) for the brightest and the faintest star in the sample, respectively. We retrieved the extracted, wavelength calibrated, one-dimensional (1D) spectra from the Phase 3 ESO archive. The reduced MEDUSA 1D-spectra come with error estimates and signal-to-noise ratio per wavelength bin and the wavelength scale is in the heliocentric reference system. A total of 60 stars from 093.D-0868(A) are included in the Gaia DR2 photometric catalog, and are shown in Fig. 2 .
To determine rotational velocities we performed a χ 2 minimization procedure between synthetic and the observed spectra. Atmospheric parameters were derived as follows. We adopted the effective temperatures, T eff , from Gaia DR2. Surface gravities were derived from DR2 parallaxes, using the fundamental relation:
We use V magnitudes from Stetson (2000) 4 , bolometric corrections are based on Flower et al. (1996) and Torres (2010) , and solar magnitudes from Bessell, Castelli, & Plez (1998) . The masses were set to 1.6 M and the resolution is set to the nominal HR05 and HR09 resolution. Micro-turbulence (ξt) is derived using the relation in Tsantaki et al. (2013) and macroturbulence is from Doyle et al. (2014) . We adopt a metallicity of [Fe/H] = 0.0. All atmospheric parameters were kept fixed in our analysis and we allowed only Vsini to vary in our χ 2 minimisation procedure.
The synthetic spectra were computed with the plane-parallel, local thermodynamic equilibrium (LTE) code MOOG (Sneden 1973; Sneden et al. 2012) . The model atmospheres were calculated with the ATLAS9; starting from the grid of models available at F. Castelli's website 5 . When HR05 and HR09 spectra were available, we consider the final rotational velocity as the mean value measured from the two settings.
We calibrated the uncertainties of our V sin i measurements by using the stars with measurements in both gratings. When normalized by the squared sum of the uncertainties, the differences between the gratings should be normally distributed with a standard deviation of 1. To achieve this, a correction factor of 0.36 had to be applied to all uncertainties.
In Fig. 2 we show the CMD of cluster members along with the measured Vsini for the subsample of 60 members. Light blue represents rapid rotators while dark blue/black shows more slow rotators. It is evident that the rapid rotators preferentially lie to the red of the MSTO, whereas the slower rotators lie closer to the blue nominal main sequence. This is consistent with observations of young (Dupree et al. 2017 ) and intermediate age (Kamann et al. 2018) massive clusters in the LMC/SMC. We will quantitatively compare our observations with model predictions including rotation in § 3.2. The properties of cluster members with Vsini measurements are listed in Table 1 .
Extinction towards the cluster
The extinction towards the cluster was estimated by comparing the MIST (Choi et al. 2016 ) isochrones, at solar metallicity, to the observed CMD, at a fixed adopted distance (from the Gaia DR2 parallax). We allowed age to be a free parameter (between 100 Myr and 3 Gyr), and concentrated the fit on matching the main sequence (i.e., a region largely independent of the adopted age). We adopted the mean extinction coefficients for the Gaia filters from Casagrande & Vandenberg (2018) , assuming R V = 3.1. A V was adjusted until the main sequence of the isochrones passed through the centre of the observed main sequence (between 16 G BP 18). We found that A V = 0.9 ± 0.1 mag provided the best fit to the data.
The result, however, is metallicity dependent. Performing the same test with models of [Fe/H]= −0.5 led to a value of A V = 1.3 mag. However, at this metallicity, the model isochrones displayed a curvature below the MSTO data that was not found in the observations. Hence, we adopt the value determined from the solar metallicity isochrones.
Cluster mass
We estimate the mass of the cluster by counting the number of stars within 2 magnitude intervals that should not be heavily affected by incompleteness or stellar evolution. We convert these magnitude intervals to mass, assuming an age of 800 Myr (see below), distance and extinction described above, and compare the number of observed stars with expectations from stochastically sampling from a Kroupa (2002) initial mass function. We find 57 and 28 stars within the mass intervals of 1.39 − 1.68 M (G BP = 16 − 17 mag) and 1.68 − 1.85 M (G BP = 15.5 − 16 mag), respectively. Comparing these numbers to 50, 000 realisations of clusters with masses between 500 − 5000 M , we find that the cluster initially contained 2400 ± 300 M (not taking into account mass loss from tidal effects or two body relaxation).
RESULTS
Extent of the eMSTO
As shown by Platais et al. (2012) differential extinction can mimic an eMSTO if not properly taken into account. A way to estimate the role of differential extinction is to look at the width of the main sequence. An example region is shown in the inset of the upper panel of Fig. 3 , where we have fit a nominal ridge line to this section of the main sequence (solid line). We also show the same ridge line shifted by 0.01 magnitudes in colour in both directions, which encompasses most of the stars on the single star main sequence. By applying different levels of extinction to the nominal ridge line (within the inset box in Fig. 3) , we found that the amount of differential extinction present to be A V 0.07 mag, in order to stay within the 0.01 magnitude tolerance in colour. 6 Additionally, we see a sequence of binary stars well separated from the main sequence.
In the upper panel of Fig. 3 we overplot the MIST (Choi et al. 2016 ) isochrones for solar metallicity, and extinction value of A V = 0.9, at the adopted distance. We plot a range of ages from log t=8.75...8.95 (in steps of 0.05) that encompasses the width of the MSTO. Extrapolating between the outer isochrones we see that an age of log t = 8.85 fits the main part of the eMSTO (in agreement with previous age estimates - Mermilliod et al. 2001 ) with an inferred age spread between log t=8.775 and 8.925 (∼ 245 Myr). More quantitatively, following on previous work (e.g., Goudfrooij et al. 2014; Niederhofer et al. 2016) we estimated the age of each star on the MSTO (0.4 G BP − G RP 0.8, 14 G BP 15.5) by finding the isochrone that passes closest to the star in the CMD (using isochrones with the same parameters as above and in steps of ∆(logage) = 0.01). The mean age found with this method is 775 Myr with a dispersion of 120 Myr. We convert the estimated σ to FWHM in order to more directly compare with previous estimates, finding FWHM= 280 Myr, in good agreement with that found by eye.
In the bottom panel of Fig. 3 we show the same analysis using the Geneva/SYCLIST isochrones using stellar models including rotation with an initial rotation rate of Ω/Ω c,initial = 0.4 (Georgy et al. 2013a,b) with the same adopted parameters. We find that the two sets of isochrones give similar results, with the Geneva models giving slightly older ages, with a best fit age of log t = 8.95 and a spread of ∼ 300 Myr.
We can compare the estimated age and inferred age spread with previous results in the literature. Niederhofer et al. (2015) showed that there exists a tight relation, as derived for LMC/SMC clusters, between the age of the cluster and the inferred age spread on the MSTO. The authors also showed that this is expected from models that included stellar rotation. In Fig. 4 we show an updated version of the Niederhofer et al. figure and highlight the position of NGC 2818. We also include recent results from Milone et al. (2015 Milone et al. ( , 2016 Milone et al. ( , 2018 , Bastian et al. (2016) , Goudfrooij et al. (2017) , and Martocchia et al. (2018) . For the Milone et al. (2018) results, we adopt the difference between the ages of the non-rotating isochrone that fits the blue sequence and the rotating isochrone (Ω = 0.9) that fits the red sequence. 7 For the Goudfrooij et al. (2017) results we adopt the age difference between the two peaks of the pseudo-age distribution (their Fig. 9) .
The horizontal bars on the Milone et al. (2018) and Goudfrooij et al. (2017) represent the duration between when star-formation began and terminated, if the eMSTO is interpreted as an age spread. Note that if interpreted as an age spread, each cluster would begin and end to form stars at a different time. It would then need to be a coincidence that we observed each cluster at a very specific age in order to get the trend between age and age-spread.
Lines show the expected trend from stellar rotation as predicted by the Geneva/SYCLIST models (details below). The results for NGC 2818 nicely follow the same trend as previous results from the literature, although we note that the theoretical curves were calculated for LMC metallicity.
Comparison with stellar models with rotation
In order to address whether stellar rotation is the underlying cause of the eMSTO in NGC 2818, we have compared the observed CMD and Vsini measurements to predictions from the SYCLIST synthetic cluster models. For this we have assumed an age of log t (yr)= 8.95, solar metallicity, a random inclination angle distribution, and a range of rotation rates from non-rotating to near break up (Ω/Ω c,initial = 0.95). The models include gravity darkening (Espinosa Lara & Rieutord 2011) as well as geometric deformation at high rotational velocities (Georgy et al. 2014) . We then determined the 5th and 95th percentiles in colour in 0.1 magnitude bins in G BP over the range 13.5 G BP 15.3, to define blue and red ridge lines, respectively (see the top panel of Fig. 5 ). We then measured the normalised distance (in colour) to the blue ridgeline for every star brighter than G BP = 15.3 (i.e. the MSTO).
The bottom panel of Fig. 5 presents the results where the points with error bars correspond to the observed stars in NGC 2818, while the grey crosses show the prediction from the models. At blue pseudo-colours, the observations show that the average Vsini is quite low and it significantly increases towards redder colours. This matches the expectations of the models.
DISCUSSION AND CONCLUSIONS
Mismatch between the observed and expected position of the red clump
A notable feature in Fig. 3 is the fact that the models do not reproduce the position of the red clump. We found that this holds for the MIST, Geneva and Padova (Marigo et al. 2017) isochrones, independent of the metallicity adopted (even when allowing extinction to be a free parameter). If the distance is left as a free parameter, in addition to the age and extinction, an acceptable fit could be found. This suggests that there is either a problem in the calibration of the models for the red clump, or that the conversion between theoretical properties of the isochrones (temperature, gravity and luminosity) to observational space in Gaia filters is off. Figure 4 . The relation between cluster age and inferred age spread for a sample of clusters from the literature as well as that found for NGC 2818 (see Niederhofer et al. 2015 for the original plot and a description of the models). We have added additional clusters from the literature in the past 3 years (see text). NGC 2818 follows the trend found for other cluster samples. The horizontal 'error bars' for the Goudfrooij et al. (2017) and samples show, assuming the inferred age spreads are real, when star formation began and terminated within each cluster. Solid lines show the expectations for rotating stellar models (Niederhofer et al. 2015) .
The Origin of the Extended Main Sequence Phenomenon
The discovery of an eMSTO in a low mass (∼ 2400 M ), intermediate age (800−900 Myr) Galactic open cluster shows that the eMSTO phenomenon is not limited to high mass clusters, nor the special conditions of the LMC/SMC. Combining the clean CMD made possible from Gaia proper motions and parallaxes, with medium resolution spectroscopy, shows that rapidly rotating stars are preferentially found on the red (cool) side of the MSTO, while slow rotators are found on the blue, nominal MSTO. Such a relation between colour and rotational velocity (Vsini) is expected from models that include stellar rotation. In a future work we will study a sample of open clusters available in the Gaia DR release to investigate the age -inferred age relation at solar metallicity (de Juan Ovelar et al. in prep.) , and directly compare the observations to models that include magnetic breaking due to the onset of convection in lower mass stars (Georgy et al. in prep.) . Table 1 . Properties of the stars with Vsini measurements. The magnitudes are for the Gaia blue band pass (G BP ) and Gaia red band pass (G RP ). We list three Vsini values, Vsini HR09 is that determined from the HR09 grating, Vsini HR05 is from the HR05 grating, and the V adopted is the adopted value. '0.0' values denote stars where a measurement was possible in that grating. Errors on the photometry are not given, as they are generally < 0.01 mag. awarded by the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., for NASA, under contract NAS5-26555. This work has made use of data from the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https:// www.cosmos.esa.int/web/gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement.
